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(54) Current sensing circuit 

(57) A reference-corrected ratiometric current sens- 
ing circuit (50) for sensing a current flowing through a 
load (53) and a power-controlling pass device includes 
a sense device, a sense resistor, and a variable refer- 
ence current source (59) for providing a varying refer- 
ence current. The varying reference current is varied ac- 
cording to a ratio of the voltage across the sense device 
to the voltage across the pass device. The ratiometric 
current sensing circuit of the present invention is capa- 
ble of accurate current sensing in spite of disparities that 
may occur between the voltages across the sense and 



the pass devices. In one embodiment, the variable ref- 
erence source includes a transconductance amplifier 
circuit that provides an output current indicative of the 
voltage difference at its input terminals. Furthermore, 
the variable reference current source includes a trans- 
linear circuit that works with the transconductance am- 
plifier circuit to implement the prescribed arithmetic op- 
erations to generate the varying reference current. The 
ratiometric current sensing circuit of the present inven- 
tion provides accurate current sensing for load condi- 
tions ranging from normal overload to a shorted load. 
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Description 

[0001] The invention generally relates to current 
sensing circuits and methods; and in particular, the 
present invention relates to a ratiometric current sensing 
circuit for accurately sensing the current flowing through 
a power-controlling pass device. 
[0002] In circuits employing a power switch for power 
switching or power distribution functions, there is often 
a need to sense the current passing through the power 
switch. For example, current sensing is needed to mon- 
itor the load current passing through the power switch 
and the load coupled to the power switch. Current sens- 
ing is also needed to control and limit the load current 
in order to prevent damage to the load or to the power 
switch itself. Power switches are commonly implement- 
ed as n-channel or p-channel MOS devices. Although 
the current through the power switch can be sensed di- 
rectly by placing a resistor in series with the power 
switch, this arrangement is undesirable because the re- 
sistor conducts the entire current through the power 
switch, resulting in a large power dissipation. Instead, a 
ratiometric current sensing technique is typically used 
for MOS power switches. In ratiometric current sensing, 
the current through the power switch is measured using 
a sense device which matches the power switch in elec- 
trical characteristics but is smaller by a known factor. 
The current through the sense device, which is a known 
ratio of the current through the power switch, is meas- 
ured using a resistor connected in series with the sense 
device. The size of the sense device can be made smali 
enough such that the current through the sense device 
is measured without undesirable power dissipation. 
[0003] A conventional ratiometric current sensing cir- 
cuit for use with a MOS power switch is illustrated in Fig- 
ure 1 . Current sensing circuit 10 for sensing the current 
through a power device M Power and a load 1 3 includes 
a sense device M Sense and a resistor R Sense connected 
in series. Power device M Power and sense device M Sense 
are matching n-channel MOS transistors. Sense device 
M sense ' s chosen to be K times smaller than power de- 
vice M Power . Typically, K is in the range of 1000 or more. 
The gate terminals of power device M Power and sense 
device M Sense are connected together and the source 
terminals of both devices are connected together to a 
ground terminal (node 15). Therefore, power device 
M Power an d sense device M Sense are driven with identi- 
cal gate to source voltages. An input voltage V in from 
an input voltage source 1 2 is applied across load 1 3 and 
power device M Power . A load current flowing through 
load 1 3 is equivalent to the drain current l DS P of power 
device M Pow6r . 

[0004] Resistor R Sense is connected between the 
drain terminal (node 14) of power device M Power and the 
drain terminal (node 16) of sense device M Sense and is 
used to measure the current flowing through the sense 
device M Sense . As long as the voltage across resistor 
R sense is sma " compared to the drain-to-source voltage 



of M Sense , the drain-to-source voltages across power 
device M Power and sense device M Sense are essentially 
equal. Since the power device and the sense device 
have the same drain-to-source voltages and the same 

5 gate-to-source voltages, the drain current l DS s of sense 
device M Sense is essentially Ids.f^K. A voltage drop de- 
velops across resistor R Se nse which is equal to the prod- 
uct of the drain current l DS s of sense device M Sense and 
the resistance of resistor R Sense . 

10 [0005] The sensed current of sense device M Sense 
and the sensed voltage of sense resistor Rs en se can De 
used to control circuit protection mechanisms for pre- 
venting excessive current flow in power device M Power 
and load 1 3. To that end, current sense circuit 1 0 further 

15 includes an error amplifier 20, a reference current 
source 1 9, and a reference resistor R Ref . Reference cur- 
rent source 1 9 provides a fixed reference current l Ref0 
which flows through reference resistor R Ref and gener- 
ates a reference voltage across the reference resistor. 

20 Reference resistor R Ref and sense resistor Rsense are 
either matching resistors having the same resistance 
values or resistors having ratioed resistance values. Er- 
ror amplifier 20 compares the voltage across reference 
resistor R Ref (node 18) and the voltage across sense 

25 resistor Rsense ( node 16 ) and provides a control signal 
on lead 17 to the gate terminals of sense device M Sense 
and power device M Power . In operation, the reference 
current l Ref0 is selected so as to set the current limit of 
power device M Power . Error amplifier 20 operates to limit 

30 the power device's current whenever the sensed voltage 
at sense resistor Rsense is equal to or exceeds the ref- 
erence voltage generated by reference resistor R Ref . 
When a current limit condition is detected, error amplifier 
20 regulates the gate-to-source voltages of power de- 

35 vice M Power and sense device M Sense to limit the current 
through the sense device to the maximum allowable cur- 
rent value of l Ref0 . 

[0006] As mentioned above, in current sense circuit 
1 0 of Figure 1 , as long as the voltage drop across sense 

40 resistor Rsense ' s negligible as compared to the voltage 
drop across sense device M Sense , the drain-to-source 
voltages across the power device M Power and the sense 
device M Sense are essentially equal and the current 
through the sense device tracks the current through the 

45 power device. The drain current l DS P through power de- 
vice M Power and load 13 is given by: 

Ids,P < = K*It>s,S*RRef /Rsense, 

50 

= K * iRefO* RRef /Rsense • 

[0007] Through the use of a scaled-down sense de- 
vice, current sensing circuit 10 operates at a low power 
55 dissipation level because the sensed current l DS s is on- 
ly a fraction of the power device's actual current. Fur- 
thermore, current sensing circuit 10 is applicable when 
the power device is biased either in the saturation region 
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or in the linear (triode) region. 

[0008] However, conventional current sensing circuit 
10 has a significant drawback. In particular, convention- 
al current sensing circuit 1 0 becomes grossly inaccurate 
when the power device is operated in the linear region 5 
where the drain-to-source voltage across the power de- 
vice is small. In this case, the voltage drop across the 
sense resistor is no longer negligible and the drain volt- 
age at the sense device does not track that of the power 
device. Thus, sense device M Sense grossly underesti- 10 
mates the power device's current. 
[0009] For sense device M Sense to measure the power 
device current accurately, the terminal conditions of the 
two devices should be equal. That is, the gate-to-source 
voltages and the drain-to-source voltages should be the 15 
same for both devices. However, by virtue of the use of 
sense resistor R Se nse' some voltage is dropped across 
the sense resistor. Consequently, the drain voltage at 
sense device M Sense is less than the drain voltage at 
power device M Power In the case where the drain-to- 20 
source voltage across the power device is large, the 
voltage drop across the sense resistor is negligible and 
the drain-to-source voltages of the power and sense de- 
vices are essentially equal. However, when the drain- 
to-source voltage across power device M Power is small, 25 
the voltage drop across resistor Rsense is ' ar 9 e °° m ' 
pared with the drain-to-source voltage of power device 
M Power such that the drain voltage of the sense device 
is significantly less than the drain voltage of the power 
device. The disparity in the drain voltages results in a 30 
disparity in the drain current of the two devices such that 
the sense device grossly underestimates the current 
flow In the power device. 

[0010] Figures 10a-c are graphs of the current and 
voltage characteristics obtained by simulation of the 35 
conventional current sensing circuit 20 in Figure 13. 
Current sensing circuit 20 is constructed in the same 
manner as conventional current sensing circuit 10 with 
the only exception that the load, including load resistor 
R, oad having a resistance value of 2 ohms and load volt- *o 
age source vLoad, is coupled to the source terminal of 
the power device M out . Figures 1 0a-c illustrate the char- 
acteristics of current sensing circuit 20 in response to a 
linearly ramped load current and to a short-circuit con- 
dition at the load. In Figures 1 0a-c, current sense circuit 45 
20 is operated at an input voltage V in of 3.3 volts. Curve 
1 78 of Figure 1 0a illustrates the behavior of the load cur- 
rent through load resistor R| 0ad . Curve 1 74 of Figure 1 0b 
illustrates the gate voltage V Gate as applied to both the 
sense device and the power device. Curves 170 and so 
172 of Figure 10c illustrate the voltage at reference re- 
sistor R Ref (V Ref ) and the voltage at sense resistor 
R sense ( v sense)> respectively, with reference to the input 
voltage V in . That is, curve 170 is actually V in -V Ref and 
Curve 1 72 is V in -V Sense . Here, reference current source 55 
iRef sets the current limit of power device M out to be 250 
mA and sets the reference voltage V Ref to 50 mV. 
[0011] From a time zero to a time 0.75 ms, the load 



current increases linearly. The gate voltage (curve 174 
of Figure 10b) increases to a maximum value of 8 volts 
to allow the power device M out to carry the necessary 
load current. Meanwhile, the sensed voltage V Sense 
slowly increases until the sense voltage V Sense reaches 
the reference voltage V Ref (50 mV) at a time of 0.5 ms, 
indicating that the current limit condition is reached. Cur- 
rent sense circuit 20 limits the load current to a value of 
approximately 609 mA (curve portion 178a of Figure 
10a), instead of the intended 250 mA current limit. The 
excessive current limit value under the ramped current 
condition is caused by sensing inaccuracy when the 
power device is biased in the linear region. For instance, 
at about 0.5 ms, the load current is slowly ramped up to 
about 600 mA. The voltage V out at the source terminal 
of power device M out is the voltage across load resistor 
R| oad and the load voltage source vLoad which is equal 
to 1 .2 volts plus 2.0 volts. Thus, voltage V out is 3.2 volts. 
The drain-to-source voltage V DS across power device 
Mout is only 100 mV (3.3 volts of V in minus 3.2 volts of 
V out ) and power device Mout is biased in the linear re- 
gion. In this regime, the 50 mV voltage drop across 
sense resistor R Sense (denoted R1 in Figure 13) is sig- 
nificant in comparison with the V DS of the power device 
(100 mV). The drain-to-source voltage of sense device 
M sense IS reduced to only 50 mV and does not approx- 
imate the drain-to-source voltage of the power device. 
The drain-to-source voltage disparity causes sense de- 
vice M Sense to grossly underestimate the power device's 
current and current sensing circuit 20 does not limit the 
load current until the load current reaches 609 mA, far 
exceeding the 250 mA intended current limit. 
[0012] However, when a short circuit load is applied 
(at time 0.75 ms), almost the entire input voltage V in of 
3.3 volts is applied across power device M oul and sense 
device M Sense and both devices are in saturation. Spe- 
cifically, voltage Vout is only the voltage drop across the 
load resistor which is 0.52 volts (260 mA*2 Q). Thus, the 
drain-to-source voltage across power device M out is 
2.78 volts. The sensed voltage V Sense> being 50 mV 
(curve 172), is only a small fraction (1.7%) of the drain- 
to-source voltage of the power device. Therefore, under 
the short-circuit load condition, the disparity between 
the drain-to-source voltages of the power device and the 
sense device is small and sense device M Sense can ac- 
curately sense the power device's current. Current 
sense circuit 20 thus limits the current of the power de- 
vice by lowering the gate voltage (curve 174) to about 
1 .5 volts. The load current is regulated down to 260 mA 
(curve portion 178b of Figure 10a), closely approximat- 
ing the intended 250 mA current limit. As can be ob- 
served in Figure 1 0a, the value of the current limit under 
the ramped current condition is significantly higher than 
and the current limit under the short-circuit condition. 
The great disparity in the current limit values (a 135% 
discrepancy) is an indication of the sensing inaccuracy 
of the conventional current sensing circuit when the 
power device is biased in the linear region. 
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[001 3] One prior art technique to improve the accura- 
cy of the convention current sensing circuit is illustrated 
in Figure 2. In current sensing circuit 30, a bipolar com- 
parator, made up of pnp bipolar transistors 41 and 42, 
is used to keep the voltage drop across the sense rests- 5 
tor Rsense sma|1 - However, current sensing circuit 30 is 
only able to limit the voltage drop across Rsense t0 about 
10 mV and the result is still unsatisfactory since the val- 
ues of the current limits between a ramped load current 
and a short circuit condition still vary by over 60 percent. 10 
[0014] Therefore, it is desirable to provide a ratiomet- 
ric current sensing circuit which can accurately sense 
the current through a power device for all values of 
drain-to-source voltages at the power device. In partic- 
ular, it is desirable to provide a ratiometric current sens- *5 
ing circuit which can sense the current through a power 
device accurately even when the power device is biased 
in the linear region. 

[0015] A circuit for sensing a first current flowing 
through a load and a power-controlling pass device is 20 
described. In one embodiment, the load and the pass 
device are connected in series between a first supply 
voltage and a second supply voltage. The circuit in- 
cludes a sense device coupled between a first node and 
the second supply voltage and a sense resistor coupled 25 
between the first node and a second node between the 
load and the pass device. The sense device has a small- 
er dimension than the pass device. The sense resistor 
and the sense device carry a second current proportion- 
al to the first current and generate a sensed potential 30 
across the sense resistor. The circuit further includes a 
variable reference current source for providing a varying 
reference current. A reference potential is generated 
based on the varying reference current and compared 
with the sensed potential. The varying reference current 35 
is varied according to a ratio of the voltage across the 
sense device to the voltage across the pass device. The 
current sensing circuit is capable of accurate current 
sensing when the pass device is operated either in the 
linear mode or in the saturation mode. 40 
[0016] According to one aspect of the present inven- 
tion, the pass device and the sense device are MOS 
transistors and the varying reference current is varied 
according to a ratio of the drain-to-source voltage of the 
sense device to the drain-to-source voltage of the pass 45 
device. 

[0017] According to another aspect of the present in- 
vention, the variable reference current sources includes 
a first current source for providing a fixed reference cur- 
rent and a computation block for generating the varying 50 
reference current. The computation block generates the 
varying reference current as a function of the fixed ref- 
erence current scaled by the ratio of the voltage across 
said sense device to the voltage across said pass de- 
vice. 55 
[0018] In one implementation, the variable reference 
current source includes a first transconductance ampli- 
fier and a second transconductance amplifier for gener- 



ating a first current and a second current, respectively. 
The first current has a value indicative of the voltage 
across the sense device and the second current has a 
value indicative of the voltage across the pass device. 
Furthermore, the variable reference current source in- 
cludes a translinear circuit for generating the varying ref- 
erence current based on a ratio of the first current to the 
second current provided by the first and second 
transconductance amplifiers. 

[0019] In accordance with the present invention, a 
transconductance amplifier circuit is provided for use 
with the current sensing circuit. The transconductance 
amplifier provides an output current indicative of the 
voltage difference at its input terminals. The transcon- 
ductance amplifier includes pnp bipolar transistors for 
realizing bipolar level shifting functions. The bipolar lev- 
el shifts establish a voltage across a resistor equaling 
to the voltage difference at the input terminals of the 
transconductance amplifier. The current flowing through 
the resistor is an output current indicative of the voltage 
difference at the input terminals. The transconductance 
amplifier operates under a short-circuit load condition to 
provide accurate current sensing. 
[0020] The present invention is better understood up- 
on consideration of the detailed description below and 
the accompanying drawings. 

[0021] Figure 1 illustrates a conventional ratiometric 
current sensing circuit as applied to a MOS power 
switch. 

[0022] Figure 2 illustrates another conventional ratio- 
metric current sensing circuit for a MOS power switch. 
[0023] Figure 3 illustrates a ratiometric current sens- 
ing circuit according to one embodiment of the present 
invention. 

[0024] Figure 4 illustrates a block diagram of a ratio- 
metric current sensing circuit according to one embod- 
iment of the present invention. 
[0025] Figure 5 illustrates a block diagram of a ratio- 
metric current sensing circuit according to another em- 
bodiment of the present invention. 
[0026] Figure 6 illustrates an implementation of the ra- 
tiometric current sensing circuit according to one em- 
bodiment of the present invention. 
[0027] Figure 7 illustrates an implementation of the ra- 
tiometric current sensing circuit according to another 
embodiment of the present invention. 
[0028] Figure 8 illustrates an implementation of the 
transconductance amplifiers of the ratiometric current 
sensing circuit according to one embodiment of the 
present invention. 

[0029] Figure 9 illustrates an implementation of the 
translinear circuit of the ratiometric current sensing cir- 
cuit according to one embodiment of the present inven- 
tion. 

[0030] Figures 1 0a-c illustrate the current and voltage 
characteristics of the conventional current sensing cir- 
cuit of Figure 13 in response to a linearly ramped load 
current and to a short-circuit load. 
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[0031] Figures 1 1 a-c illustrate the current and voltage 
characteristics of the current sensing circuit of Figure 
14. 

[0032] Figures 1 2a-c illustrate the current and voltage 
characteristics of the current sensing circuit of Figure 
15. 

[0033] Figure 1 3 illustrates a detailed implementation 
of a conventional current sensing circuit. 
[0034] Figure 14 illustrates a detailed implementation 
of a current sensing circuit according to one embodi- 
ment of the present invention. 
[0035] Figure 1 5 illustrates a detailed implementation 
of an enhanced current sensing circuit according to one 
embodiment of the present invention. 
[0036] In accordance with the present invention, a ra- 
tiometric MOS current sensing circuit is provided for ac- 
curately sensing the load current flowing through a pow- 
er device operating either in the saturation region or in 
the linear region. The current sensing circuit of the 
present invention is particularly suitable for use in USB 
or PCI bus controller applications where operation of the 
power device in both the linear and saturated regions is 
required and where the conventional sensing circuits fail 
to provide adequate sensing accuracy. 
[0037] In one embodiment, the current sensing circuit 
of the present invention corrects for measurement inac- 
curacies caused by the disparity in the drain-to-source 
voltages between the sense device and the power de- 
vice by introducing a varying reference current. The var- 
ying reference current is a function of the difference in 
the drain-to-source voltages between the sense device 
and the power device. In this manner, the current sens- 
ing circuit of the present invention corrects for sensing 
errors and greatly increases the sensing accuracy when 
the power device is operated in the linear region, while 
preserving the sensing accuracy when the power device 
is operated in the saturation region. 
[0038] Furthermore, the current sensing circuit of the 
present invention corrects for sensing errors caused by 
fabrication process variations and by variations in the 
operating temperature of the circuit. Fabrication process 
variations typically result in variations in the on resist- 
ance R DS of the power device. Moreover, the on resist- 
ance R DS has a positive temperature coefficient. There- 
fore, the drain-to-source voltage across the power de- 
vice may vary from device to device due to fabrication 
process variations, and may vary in operation due to 
variations in the operating temperatures. The current 
sensing circuit of the present invention uses the varying 
reference current to correct for drain-to-source voltage 
variations in the power device attributable to fabrication 
process and operating temperature variations. Thus, 
the current sensing circuit of the present invention is 
more robust than the conventional current sensing cir- 
cuit. 

[0039] Figure 3 illustrates a ratiometric current sens- 
ing circuit according to one embodiment of the present 
invention. Current sensing circuit 50 senses the drain 



current l DS p flowing through a power device M Power and 
a load 53. An input voltage source 52 applies an input 
voltage V in to load 53 and power device M Power . Current 
sensing circuit 50 of the present invention utilizes ratio- 

5 metric current sensing to take advantage of its low pow- 
er dissipation characteristics. To that end, current sens- 
ing circuit 50 includes a sense resistor Rsense and a 
sense device M Sense connected in series across power 
device M Power , that is, between node 54 and ground 

10 node 55. In the present embodiment, power device 
M Power and sense device M Sense are both n-channel 
MOS transistors having matching electrical characteris- 
tics. Sense device M Sense is sized K times smaller than 
power device M Power in order to sense a known fraction 

15 of the drain current l DS P flowing through power device 
M Power . The sensed current, that is, the drain current 
•ds.s of sense device M Sense , causes a sensed voltage 
v Sense to develop across sense resistor R Sense (be- 
tween nodes 54 and 56). The voltage V Sense is the prod- 

20 uct of the drain current l DS s of sense device M Sense and 
the resistance of resistor R Se nse- 
[0040] Current sensing circuit 50 further includes con- 
trol circuitry for limiting the current l DS p of power device 
M Power . Specifically, current sensing circuit 50 includes 

25 a variable reference current source 59 for generating a 
varying reference current l Ref , a reference resistor R Ref 
for generating a reference voltage V Ref , and an error 
amplifier 60. Reference resistor R Ref is connected be- 
tween the drain terminal of power device M Power (node 

30 54) and the current output terminal of variable reference 
current source 59 (node 58). Reference voltage V Ref be- 
tween nodes 54 and 58 is the product of varying refer- 
ence current l Ref and the resistance of reference resistor 
R Ref . Error amplifier 60 is connected to compare the ref- 

35 erence voltage V Ref (node 58) with the sensed voltage 
V Sense (node 56). Error amplifier 60 generates a control 
voltage signal on lead 57 for driving the gate terminals 
of sense device M Sense and power device M Power . In the 
present embodiment, sense device M Sense and power 
device M Power are illustrated as being controlled exclu- 
sively by error amplifier 60. This is illustrative only and 
one of ordinary skill in the art would appreciate that in 
actual implementation, power device M Power is also con- 
trolled by logic signals for realizing the switching func- 

45 tion of the power device. 

[0041] In the present embodiment, current sensing 
circuit 50 includes control circuitry for setting the current 
limit of power device M Power . The control circuitry de- 
scribed in the present embodiment is illustrative only 

50 and is not intended to limit the current sensing circuit of 
the present invention for use only with a current limiting 
control circuit. One of ordinary skill in the art, upon being 
apprised of the principles of the present invention, would 
know how to apply the current sensing circuit of the pre- 

55 set invention to other control circuitry as well. Also, in 
the present embodiment, sense resistor R Sense and ref- 
erence resistor R Ref can be fabricated as implanted re- 
sistors, diffused resistors, polysilicon resistors, or other 
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resistor structures known in the art. The resistance val- 
ues for sense resistor Rs e n$e and reference resistor R Ref 
can be the same or their resistance values can be ra- 
tioed. In one embodiment, the resistance of resistor 
R Sense is 100 ft and the resistance of resistor R Ref is 5 
kft. The resistance ratio is 50. 
[0042] In current sensing circuit 50, the gate terminals 
of the power device and the sense device are coupled 
together and the source terminals of both devices are 
coupled to ground (node 55). Therefore, power device 
M Power and sense device Ms ense are driven by the same 
gate-to-source voltage. Except for the voltage drop 
across sense resistor R Sen se' power device M Power and 
sense device M Sense are driven by substantially the 
same drain-to-source voltage. In accordance with the 
present invention, the disparity in drain-to-source volt- 
ages between the power device and the sense device 
caused by the voltage drop across the sense resistor 
R Sense is corrected by providing a varying reference cur- 
rent l Ref . 

[0043] In operation, current sensing circuit 50 de- 
creases varying reference current l Ref to correct for the 
reduction in drain-to-source voltage of sense device 
M Sense due to the presence of the sense resistor. The 
varying reference current according to the present in- 
vention is given by the following equation: 



W = 'RefO^DS.S^DS.P' 



(1) 



where l Ref0 is a fixed reference current chosen to set the 
current limit of power device M Power> assuming negligi- 
ble voltage drop across the sense resistor; V DS s is the 
drain-to-source voltage of sense device M Sense ; and 
V DS p is the drain-to-source voltage of power device 
M Power . The drain current l DS p of power device M Power 
is thus given by: 



'DSP = K *'Ref* R Ref /R 



Sense' 



(2) 



[0044] When the voltage drop across resistor R Sense 
is large compared with voltage V DS P of power device 
M Power , such as when power device M Power is biased in 
the linear region, drain voltage V DSS of sense device 
M sense ts appreciably less than drain voltage V DS p of 
power device M Power . In response, current sensing cir- 
cuit 50 decreases varying reference current l Ref by the 
ratio of the drain-to-source voltage of the sense device 
to that of the power device. The reduction in varying ref- 
erence current l Ref compensates for the reduction in the 
drain voltage of the sense device and results in a corre- 
sponding decrease in reference voltage V Ref across re- 
sistor R Ref . Error amplifier 60 compares reference volt- 
age V Ref with sensed voltage V Sense to determine if the 
current limit is reached. Because reference voltage V Ref 
is reduced accordingly to account for the reduced drain 



voltage at sense device M Sense , error amplifier 60 is able 
to accurately limit the current through power device 
M Power when a current limit condition is detected. Ac- 
cording to one aspect of the present invention, the cur- 

5 rent sensing circuit of the present invention provides for 
current limit values that are substantially equivalent un- 
der both a ramped load condition and a short-circuit load 
condition, thus allowing for a tighter device specification. 
[0045] By scaling the fixed reference current l Ref0 by 

10 the ratio of V DS S /V DS P to generate a varying reference 
current as shown in equation (1 ), current sensing circuit 
50 is able to limit the current through the power device 
accurately whether the power device is in the saturation 
region or in the linear region. The sense device does not 

*5 underestimate the power device's current when the volt- 
age drop across the sense resistor is large. The correc- 
tion given by equation (1) is satisfactory because the 
current-voltage (l-V) characteristics in the linear region 
of a MOS transistor can be closely approximated as a 

20 linear l-V relationship. Therefore, the reduction in drain- 
to-source voltage of the sense device can be approxi- 
mated closely as a corresponding linear decrease in the 
drain current of the sense device. 
[0046] In the embodiment shown in Figure 3, the load 

25 is coupled to the drain terminal of the power device. This 
load configuration is illustrative only and is not intended 
to limit the present invention to this particular load con- 
figuration. One of ordinary skill in the art would appreci- 
ate that the current sensing circuit of the present inven- 

30 tion can be used with other load configurations, such as 
coupling the load to the source terminal of the power 
device, as described in the embodiments below. The 
placement of the load relative to power device M Power 
is not important to the present invention. 

35 [0047] Figure 4 illustrates a block diagram of a ratio- 
metric current sensing circuit according to one embod- 
iment of the present invention. Current sensing circuit 
400 includes a power device M Power and a load 403 
which is coupled between the source terminal of power 

<o device M Power and the ground node 405. Of course, the 
load can also be connected to the drain terminal of the 
power device as illustrated in Figure 5. Current sensing 
circuit 500 of Figure 5 operates in the same manner as 
current sensing circuit 400 of Figure 4 to accurately 

45 sense the load current through the load and the power 
device. 

[0048] Returning to Figure 4, current sensing circuit 
400 further includes a sense resistor R Se nse» a sense 
device M Sense , an error amplifier 410, and a reference 

50 resistor R Ref connected in the same manner as current 
sensing circuit 50 of Figure 3. An input voltage source 
402 applies an input voltage V in across power device 
M Power and load 403. Implementation of the variable ref- 
erence current source of current sensing circuit 400 in- 

55 eludes a current source 412 for generating a fixed ref- 
erence current l Ref0 , a computation block 409 and sum- 
mers 416 and 418. The value of fixed reference current 
Wo provided by current source 4 1 2 is chosen to set the 
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current limit of power device M Power . Computation block 
409 performs the computation according to equation l Re | 
= 'Refo^DS.s^DS.p °f equation (1) above to generate 
the varying reference current l Ref . Computation block 
409 has three input terminals for receiving as input sig- 5 
nals the fixed reference current l Ref0 (on the x input ter- 
minal), the drain-to-source voltage V DS s of sense de- 
vice M Sense (on the y input terminal) , and the drain-to- 
source voltage V DS p of power device M Power (on the z 
input terminal). Computation block 409 computes the 10 
value of varying reference current l Ref using the equa- 
tion l Ref = x*y/ z ar| d provides varying reference current 
l Re i on an output terminal (node 408). 
[0049] Summers 416 and 41 8 are used to provide the 
drain-to-source voltages V DS s and V DS p to computa- 15 
tion block 409. Basically, the function of the summers is 
to generate an output signal indicative of the difference 
between the input signals at the two input terminals. 
Summer 416 is coupled between the drain terminal 
(node 406) and the source terminal (node 414) of the 20 
sense device while summer 41 8 is coupled between the 
drain terminal (node 404) and the source terminal (node 
414) of the power device. In current sensing circuit 400 
of figure 4, summers 416 and 418 are needed to meas- 
ure the drain-to-source voltages of the sense and power 25 
devices because load 403 is coupled to the source ter- 
minal (node 414) of power device M Power . On the other 
hand, in current sensing circuit 500 of Figure 5, no sum- 
mers are needed to generate the drain-to-source volt- 
ages because load 503 is coupled to the drain terminal 30 
(node 504) of power device M Power and the source ter- 
minals of both sense device M Sense and power device 
M Power are coupled to the ground terminal (node 505). 
Therefore, the drain-to-source voltages are simply the 
voltage at the drain terminals of the sense and power 35 
devices (nodes 506 and 504 respectively). Therefore, 
as illustrated in Figure 5, the y and z input terminals of 
computation block 509 of circuit 500 can be connected 
directly to the drain terminals of the sense device and 
the power device and no summer circuits are needed. *o 
[0050] Computation block 409 of circuit sensing cir- 
cuit 400 or computation block 509 of circuit 500 can be 
implemented using any means known in the art for per- 
forming the computation stated above to generate a var- 
ying reference current l Ref . One implementation of the 45 
computation block of the current sensing circuit of the 
present invention is illustrated in Figure 6. In Figure 6, 
current sensing circuit 70 includes a power device M Pow _ 
er , a sense device M Sense , a sense resistor R S ense« a 
reference resistor R Ref , and an error amplifier 80 con- 50 
nected in the same manner as current sensing circuit 
400 of Figure 4. In current sensing circuit 70, transcon- 
ductance amplifiers 83 and 84 are used to implement 
the function of the summers in Figure 4. A transconduct- 
ance amplifier functions to provide an output current in- 55 
dicative of the difference between two voltage input sig- 
nals. Transconductance amplifiers 83 and 84 are cou- 
pled to the drain and source terminals of sense device 



M sense and power device M Power , and generate approx- 
imator currents l s (on lead 85) and I P (on lead 86), re- 
spectively. Approximator currents l s and l p are propor- 
tional to the drain-to-source voltages of the respective 
sense device and power device. The computation block 
of current sensing circuit 70 is implemented as a trans- 
linear circuit 87 which receives as inputs the two approx- 
imator currents l s and l P and also a fixed reference cur- 
rent l Ref0 from a current source 79. Translinear circuit 

87 generates a varying reference current l Ref on current 
output terminal 88 according to equation (1) above 
based on the input currents l s , l p , and l Ref0 . Specifically, 
translinear circuit 87 computes varying reference cur- 
rent l Ref based on the equation: 

W = Wo^'p- ( 3 ) 

Varying reference current l Ref on current output terminal 

88 is coupled to reference resistor R Ref at node 78. 
When varying reference current l Ref flows in reference 
resistor R Ref , a reference voltage V Ref is developed 
across the reference resistor R Ref at node 78. In current 
sensing circuit 70, transconductance amplifiers 83 and 
84 operate cooperatively with translinear circuit 87 to 
generate varying reference current l Ref which is propor- 
tional to the ratio of the drain-to-source voltage of the 
sense device to that of the power device. 

[0051] Figure 7 illustrates an implementation of the 
current sensing circuit according to another embodi- 
ment of the present invention. Current sensing circuit 90 
of Figure 7 differs from current sensing circuit 70 of Fig- 
ure 6 only in the placement of the load relative to the 
power device. In Figure 7, the load is coupled to the 
drain terminal of the power device M Power . Although, 
summer circuits are not needed to generate the drain- 
to-source voltages of the sense device and the power 
device, transconductance amplifiers are included in cur- 
rent sensing circuit 90 to generate the approximator cur- 
rents l s and l P which are used by the translinear circuit 
to generate the varying reference current l Ref . 
[0052] Figures 8 and 9 in the following description il- 
lustrate detailed implementations of a transconduct- 
ance amplifier and a translinear circuit, respectively, for 
use in current sensing circuit 70 or 90 of the present 
invention. However, the implementations shown in Fig- 
ures 8 and 9 are illustrative only and are not intended to 
limit the present invention to these particular implemen- 
tations. Other implementations of the transconductance 
amplifier and the translinear circuit can be used as long 
as they meet the operational requirements of the current 
sensing circuit of the present invention as described be- 
low. For example, transconductance amplifier circuits 
are described in "Analysis and Design of Analog Inte- 
grated Circuits," P. Gray and R. Meyer, 3 rd ed., John Wi- 
ley & Sons, 1993. The principle of translinear circuits is 
described in Translinear Circuits: A Proposed Classifi- 
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cation," B. Gilbert, Electronics Letters, Jan. 9, 1974, Vol. 
11, No. 1. The aforementioned references are incorpo- 
rated herein by reference in their entireties. 
[0053] As mentioned above, approximator currents l s 
and l P , representing the drain-to-source voltages of the 5 
sense device and the power device, are generated by 
transconductance amplifiers 83 and 84 (Figure 6), re- 
spectively. Current sensing circuit 70 of the present in- 
vention generates approximator currents l s and l P to 
represent the drain-to-source voltages because trans- 
linear circuit 87 can handle computations in currents 
more readily than in voltages. Figure 8 illustrates one 
implementation of a transconductance amplifier which 
can be used in current sensing circuit 70 of the present 
invention. However, other configurations of transcon- 
ductance amplifiers can also be used as long as the 
combination of transconductance amplifier and the 
translinear circuit performs the computation function 
correctly over the entire range of load conditions. 
[0054] Figure 8 illustrates a portion of current sensing 
circuit 70 and detailed implementation of transconduct- 
ance amplifiers 83 and 84. In Figure 8, the gate termi- 
nals of power device M Power and sense device M Sense 
are shown connected to a voltage source V GATE 102. 
Voltage source V GATE 102 is illustrative only. In actual 
implementation, the gate terminals of power device 
M Power and sense device M Sense will be connected to 
the appropriate control circuitry, such as error amplifier 
80 in Figure 6. In current sensing circuit 70, transcon- 
ductance amplifiers 83 and 84 generate approximator 
currents l s and l P on output terminals 115 and 116, re- 
spectively. Output terminals 115 and 116 are coupled to 
translinear circuit 87 (not shown) which establishes a 
voltage V TX , N at each of output terminals 115 and 116. 
[0055] In current sensing circuit 70, transconductance 
amplifier 83 has its two input terminals coupled to the 
drain terminal (node 76) and source terminal (node 81) 
of sense device M Sense for measuring the drain-to- 
source voltage V DS s of the sense device and generat- 
ing approximator current l s . On the other hand, 
transconductance amplifier 84 has its two input termi- 
nals coupled to the drain terminal (node 71 ) and source 
terminal (node 74) of power device M Power for measur- 
ing the drain-to-source voltage V DS p of the power de- 
vice and generating approximator current l p . In the 
present embodiment, the source terminals of the sense 
device and the power device are coupled together and 
connected to load 73. Therefore, nodes 81 and 74 are 
the same node electrically but are given separate refer- 
ence numerals merely to refer to the separate source 
terminals of each of the sense device and the power de- 
vice. In current sensing circuit 70, transconductance 
amplifiers 83 and 84 are constructed in the same way 
and the constituent elements -are given the same refer- 
ence numerals. Therefore, only transconductance am- 
plifier 83 will be described in detail and it is understood 
that transconductance amplifier 84 operates in the same 
manner to generate approximator current l p on output 



terminal 116 based on the drain-to-source voltage of 
power device M Power . 

[0056] Transconductance amplifier 83 includes pnp 
bipolar transistors Q1, Q2, Q3 and Q4 to realize bipolar 
level shifting functions for establishing a voltage across 
a resistor Rq M equaling to the potential difference be- 
tween the input terminals (nodes 76 and 81) of the 
transconductance amplifier, that is, the drain-to-source 
voltage of sense device M Sense . The current flowing 
through resistor Rq M is the approximator current l s and 
is coupled to the emitter terminal of transistor Q4. The 
approximator current flows through transistor Q4 to the 
current output terminal 115 (also the collector terminal 
of transistor Q4) and is provided to the translinear circuit 
(not shown). 

[0057] In transconductance amplifier 83, the emitter 
terminal of transistor Q1 is connected to the drain ter- 
minal (node 76) of sense device M Sense . The base ter- 
minal of transistor Q1 is biased with a current source 
1 03 carrying bias current l Bjas1 . In operation, the voltage 
at the base terminal of transistor Q1 is one base-to-emit- 
ter voltage V BE lower than the drain voltage of transistor 
M Sense . On the other hand, the emitter terminal of tran- 
sistor Q3 is connected to the source terminal (node 81 ) 
of sense device M Sense . The base terminal of transistor 
Q3 is also one V BE lower than the source voltage of tran- 
sistor M Sense . 

[0058] Transistors Q2 and Q4 set the base current bi- 
as conditions for transistors Q1 and Q3 respectively. 
The base terminals of transistor Q2 and Q4 are each 
biased by bias current sources 1 04 and 1 06, respective- 
ly, each carrying a bias current lBtas2- Tne ennitter termi- 
nal of transistor Q2 is coupled to the base terminal (node 
118) of transistor Q1 and the emitter current and the col- 
lector current through transistor Q2 are given by: 

'e,Q2 = 'Biasl " V DS,S /R GM- 

and 

The emitter terminal of transistor Q4 is coupled to the 
base terminal (node 1 20) of transistor Q3 for generating 
a collector current through transistor Q4 which is given 
by: 

'c,Q4 " v ds,s /r gm- 

[0059] In operation, as long as the V BE voltages of 
transistors Q1 and Q3 are equal, resistor R GM will carry 
a current equaling to the difference in the emitter volt- 
ages of transistors Q1 and Q3 divided by the resistance 
of resistor R GM . The base-to-emitter voltages V BE of 
transistors Q1 and Q3 are made equal by connecting 
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each of their collector terminals (node 119 and node 
121) to bias current sources 104 and 106 having the 
same bias current value l B j as2 . As lon 9 as tne forward 
current gain p of the transistors are large enough, all of 
bias current l Bjas2 flow through transistors Q1 and Q3 
respectively and the base-to-emitter voltages V BE 's of 
transistors Q1 and Q3 are driven to the same voltage 
value. In one embodiment, current sources 104 and 106 
are constructed as a series of current mirrors, each gen- 
erating bias current l Bias2 by mirroring from an identical 
reference current source. 

[0060] Although other transconductance amplifiers 
may be used in current sensing circuit 70, the transcon- 
ductance amplifiers illustrated in Figure 8 in conjunction 
with the translinear circuit described below is preferred 
because transconductance amplifier is able to operate 
under the limiting condition of a short-circuit load. Fur- 
thermore, the transconductance amplifier of the present 
invention is implemented with PNP transistor circuitry 
which has the advantage of using relatively few ele- 
ments, resulting in a compact transconductance ampli- 
fier circuit which has the benefit of lower power con- 
sumption and lower manufacturing cost. 
[0061] When load 73 is short-circuited, the entire input 
voltage V in is applied across the power device and the 
sense device, therefore, the voltage drop across sense 
resistor Rsense is negligible and the only requirement for 
proper operation of current sensing circuit 70 is that 
transconductance amplifiers 83 and 84 output equal 
current values so that the varying reference current is 
not perturbed. The absolute values of the approximator 
currents are immaterial. When current sensing circuit 70 
incorporates transconductance amplifiers 83 and 84 ac- 
cording to the implementation shown in Figure 8, current 
sensing circuit 70 provides accurate current sensing un- 
der all load conditions, including a short-circuited load. 
[0062] When load 73 is a short-circuit (that is, nodes 
81 and 74 are grounded), the emitter terminal (node 81) 
of transistor Q3 is grounded and the base-to-emitter 
voltage is too low to turn transistor Q3 on. For best per- 
formance, the bias current for transistor Q2 should be 
large enough such that when the load is short-circuited 
and the approximator current l s is at its maximum, tran- 
sistor Q2 is still biased on. This is achieved by providing 
a current value for bias current l Bias1 (current source 
103) that is larger than bias current l B j as2 - As long as 
current l Bias1 is larger than current l B j as2 , the current 
flowing through resistor Rq M equals to (3*l Bias2 . In one 
embodiment, l Bias1 is 23.2uA and l Bias2 is 5.8uA. Be- 
cause both transconductance amplifiers 83 and 84 have 
the same bias current values l Bias1 and l Bjas2 , and the 
same resistance value for resistor R GM , both amplifiers 
current output nearly equal amount of approximator cur- 
rents l s and l P at their respective output terminals 115 
and 116 under a short-circuited load condition. 
[0063] The near-equality current condition of amplifi- 
ers 83 and 84 under a short-circuit load condition is also 
guaranteed because transistor 04 in each amplifier 83 



or 84 sees approximately the same terminal conditions 
when the load is short-circuited. Specifically, the collec- 
tor terminal of transistor Q4 is biased to a voltage value 
of V TX IN by the translinear circuit (not shown). The emit- 
5 ter terminal of transistor Q4 is coupled to resistor Rq M 
which is coupled to the base terminal of transistor Q1 . 
The only difference between amplifier 83 and amplifier 
84 is that the voltage at the emitter terminal of transistor 
Q1 of amplifier 83 is lower by the voltage across sense 
10 resistor Rsense- When load 73 is shorted, the voltage 
across sense resistor R Sense is the current limit thresh- 
old voltage which is small in comparison to the voltage 
across the sense device or the power device. Therefore, 
transconductance amplifiers 83 and 84 will output virtu- 
es ally equal currents under the condition of a short-circuit 
load. In one embodiment, voltage V in is 3.0 volts, voltage 

v tx,in is 14 vo,ts « and v sense ' s 50 mV - Then, the volt- 
age drops across resistors R GM of amplifiers 83 and 84 
differ only by 50 m V out of 1 .6 volts, or 3 percent. Thus, 
20 amplifiers 83 and 84 output almost equal approximator 
current values and current sensing circuit 70 operates 
properly in response to the short-circuited load condi- 
tion. 

[0064] In current sensing circuit 70, the inclusion of 

25 transconductance amplifier 83 causes an additional 
voltage drop across resistor R Sense attributed to the 
emitter bias current of transistor Q v that is, current 
l Bias2 . The voltage drop caused by current l Bias2 results 
in further reduction of the drain voltage of sense device 

30 Msense that is not present in the source voltage of the 
sense device. In order to correct for the additional volt- 
age drop at the drain terminal of the sense device due 
to current l Bjas2 , a resistor having equal resistance as 
resistor Rsense can De inserted between the source ter- 

35 minal of the sense device and the emitter terminal of 
transistor Q 3 in transconductance amplifier 83. By so 
doing, an equal voltage drop (leias2* R Sense) is added to 
the voltage at node 120, thereby keeping the drop 
across resistor R GM equal to the drain-to-source voltage 

40 of the sense device. Although the voltage drop across 
resistor Rsense due *° current l B j as2 is small because cur- 
rent l Bias2 is small (e.g. 5.8 uA) so that correction is not 
necessary, the addition of the matching resistor to tran- 
sistor Q3 of transconductance amplifier 83 further im- 

45 proves the accuracy of current sensing circuit 70. This 
implementation is shown in the current sensing circuit 
of Figure 15 where resistor R22 is the matching resistor 
added to match the voltage drop across sense resistor 
R Sense due to biase current l Bias2 (iBb3 in Figure 15). 

50 Both resistors R Se nse and R22 nave a resistance value 
of 100 ft. 

[0065] Turning now to the implementation of the 
translinear circuit. Figure 9 illustrates one embodiment 
of a translinear circuit 1 37 for use with the current sens- 
55 jng circuit of the present invention. In operation, trans- 
linear circuit 1 37 computes the correction function l Ref 
= iRefo^s^'p stated in equation (3) above by operating 
on the base-to-emitter voltages V BE generated by npn 
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bipolar transistors Q1, Q2 and Q3. Because the base- 
to-emitter voltage of a bipolar transistor is a function of 
the logarithm of the collector current, multiplication and 
division in collector currents can be carried out as addi- 
tion and subtraction using base-to-emitter voltages. To 
compute the correction function of equation (3) above 
in translinear circuit 137, approximator current l s is mul- 
tiplied to fixed reference current l Ref0 by adding the 
V BE 's of transistors Q1 and Q2. Then, the l s and l Ref0 
product is divided by approximator current l P by sub- 
tracting the V BE of transistor Q3 from the sum. The re- 
sulting varying reference current l Ref is outputted by an 
output stage (transistor Q4) which provides current l Ref 
at the collector terminal (node 146) of transistor Q4. Cur- 
rent l Ref is coupled to the control circuitry such as refer- 
ence resistor R Ref and error amplifier 80 of Figure 6. 
[0066] As stated above, translinear circuit 137 in- 
cludes three basic computational components. First, ap- 
proximator current l s from the transconductance ampli- 
fier coupled to the sense device (amplifier 83 in Figure 
8) is coupled to the collector terminal (node 147) of npn 
transistor Q1 . In Figure 9, approximator current l s is rep- 
resented by current source 138 in translinear circuit 137. 
Current source 1 38 is illustrative only and does not imply 
that a separate current source is needed in translinear 
circuit 137 to generate current l s . Assuming a large gain 
P for transistor Q1 and assuming that the base current 
into npn transistor Q5 is negligible, then all of approxi- 
mator current l s goes through transistor Q1 and the 
base-to-emitter voltage (V BE ) of transistor Q1 is deter- 
mined solely by approximator current l s . 
[0067] Translinear circuit 137 further includes npn 
transistors Q5 and Q6 for setting the base bias level of 
transistor Q1 . Transistor Q6 has its base terminal (node 
1 49) coupled to a bias current source 1 44 carrying a bias 
current l B j as4 . Thus, the collector current of transistor Q6 
is P*l Bias4 . The collector terminal of transistor Q4 is cou- 
pled to the base terminal (node 148) of transistor Q1. 
Furthermore, the base terminal (node 148) is coupled 
to a current source 1 53 carrying fixed reference current 
l Ref0 . Current source 1 53 is added to cancel out the l Ref0 
current through transistor Q2, thus ensuring that tran- 
sistor Q5 is biased solely by the collector current of tran- 
sistor Q6. Transistor Q5, connected in series with tran- 
sistor Q6, has a collector current of p*l Bias4 . Transistor 
Q5 drives the base terminal of transistor Q1 and fu no- 
tions to ensure that transistor Q1 is turned on sufficiently 
so that all of approximator current l s goes through tran- 
sistor Q1 . Because the base terminal of transistor Q5 is 
coupled to the collector terminal of transistor Q1, tran- 
sistor Q5 draws a base current of l Bjas4 from the approx- 
imator current l s . To compensate, a current source 143 
is provided to inject a current l Bias3 into the base terminal 
of transistor Q5 (node 1 47) so that all of the approxima- 
tor current l s is provided to transistor Q1 . Current l Bias3 
is equal to or greater than current l B j as4 . In one embod- 
iment, current l Bias4 is 145 nA and current l Bias3 is 165 
nA. The advantage of setting current l Bias3 greater than 



current l Bjas4 is that the additional current in l Bjas3 en- 
sures that even if approximator current l s is zero, tran- 
sistors Q5 and Q1 are still biased on. 
[0068] In the second computation stage, fixed refer- 

5 ence current l Ref0 is coupled to the collector and base 
terminals (node 150) of npn transistor Q2. In Figure 9, 
fixed reference current l Ref0 is represented by current 
source 140 which is illustrative only. Fixed reference 
current l Ref0 is an input current provided to translinear 

10 circuit 137 and is not generated by a separate current 
source inside the translinear circuit. Again, assuming 
that the gain p of transistor Q2 is large and that the base 
current into Q2 is negligible, all of fixed reference current 
l Ref0 are carried through the collector terminal of tran- 

15 sistor Q2 and the V BE of transistor Q2 is determined 
solely by fixed reference current l Ref0 . Transistors Q1 
and Q2 of the first two computation stages are stacked 
so that their V BE 's add up at node 1 50, representing the 
product of l Ref0 and l s . 

20 [0069] In the third and last computation stage, approx- 
imator current l P of the power device is coupled to a cur- 
rent mirror which reverses the polarity of approximator 
current l p and draws current l P from the emitter terminal 
(node 152) of npn transistor Q3. The current mirror is 

25 represented by current source 139. Again, assuming 
that the gain p is large and that the base current in tran- 
sistor Q3 is negligible, the V BE of transistor Q3 is deter- 
mined entirely by approximator current l P . The division 
operation of current l P is realized by subtracting the V BE 

30 of transistor Q3 from the sum of the V BE of transistor Q1 
and Q2 (node 150). The emitter voltage (node 152) of 
transistor Q3 is the resulting output V BE voltage. 
[0070] At the output stage, the resulting output V BE 
voltage at the emitter terminal (node 152) of transistor 

35 Q3 is applied to the base terminal of transistor Q4 which 
converts the output voltage into a collector current at 
node 146. The collector current of transistor Q4 is the 
varying reference current l Ref which is coupled to the 
control circuitry of the current sensing circuit of the 

40 present invention., 

[0071] As described above, in translinear circuit 137, 
current source 139 is created for drawing a current 
equaling approximator current l p from the emitter termi- 
nal of transistor Q3. Current source 1 39 needs to be de- 

45 signed so as to ensure that in the limiting condition of a 
short-circuited load, approximator currents l s and l P are 
equal. Specifically, current source 139 needs to be de- 
signed so that at the short-circuited load condition, out- 
put terminals 115 and 116 (Figure 8) are biased to the 

50 same voltage level. Referring to Figure 9, approximator 
current l s (current source 138) coupled to node 147 of 
translinear circuit 1 37 is biased to two V BE voltages (V BE 
of transistor Q5 and V BE of transistor Q1). Accordingly, 
current source 139 needs to be designed so that ap- 

55 proximator current l P is also biased to two V BE voltages. 
[0072] Figure 14 illustrates a detailed implementation 
of a current sensing circuit according to the present in- 
vention, including an implementation of the current mir- 
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ror in the translinear circuit Referring to Figure 14, cur- 
rent mirror 239 includes npn bipolar transistors Q14, 
Q15, Q16 and Q18. Approximator current l P is coupled 
to current mirror 239 on lead 204 and is coupled to the 
base terminal of transistor Q16. Transistors Q16 and 5 
Q14 are cascaded so that approximator current l p on 
lead 204 sees two V BE voltages, i.e., the V BE of transis- 
tor Q16 and the V BE of transistor Q14. In this manner, 
current mirror 239 ensures that approximator currents 
l s and l P are biased with the same terminal voltages 10 
even under the limiting condition of a short-circuited 
load. In the present embodiment, the terminal voltage 
v tx,in set b y tne translinear circuit at output terminals 
204 and 206 is two base-to-emitter voltages, i.e. approx- 
imately 1.4 volts. Transistor Q15 establishes a current *5 
mirror function with transistor Q14 and acts to sink ap- 
proximator current l P (denoted as l 3 in Figure 14) from 
transistor Q1 2 (same as transistor Q3 in Figure 9) of the 
translinear circuit. 

[0073] Current sensing circuit 200 of Figure 14 pro- 20 
vides accurate current sensing for a power device M 0ut 
under all load conditions. Figures 11a-c are graphs of 
the current and voltage characteristics of current sens- 
ing circuit 200 in response to a linearly ramped load cur- 
rent and to a short-circuit condition at the load. In Fig- 25 
ures 11a-c, current sense circuit 200 is operated at an 
input voltage V jn of 3.3 volts and the current limit is set 
to 250 mA. 

[0074] Curve 1 88 of Figure 1 1 a illustrates the behav- 
ior of the load current of current sensing circuit 200. 30 
Curve 184 of Figure 11b illustrates the gate voltage as 
applied to both the sense device and the power device. 
Curve 186 illustrates the output voltage (vOut in Figure 
14) at the load of current sensing circuit 200. Curves 
1 80 and 1 82 of Figure 1 1 c illustrate the voltage at refer- 35 
ence resistor R Ref and the voltage at sense resistor 
R Se ns6' respectively, with reference to the input voltage 
V in . For current sensing circuit 200, the current limit for 
a ramped load is about 267 mA (curve portion 188a) 
while the current limit for a short-circuited load is 239 40 
mA (curve portion 188b). The discrepancy of the two 
current limits is only 11 % which is a significant improve- 
ment over the conventional current sensing circuit 
(which has a discrepancy of 135%). The reference volt- 
age curve 1 80 of Figure 1 1 c demonstrates the effect of 45 
the varying reference current according to the present 
invention. Instead of being a fixed reference voltage as 
in the conventional sensing circuit (curve 170 of Figure 
1 0c), the reference voltage of current sensing circuit 200 
(curve 180) varies throughout the operation of the sens- 50 
ing circuit. From a time zero to about 0.5 ms, the load 
current is linearly ramped up and the power device M out 
is biased in the linear region. To compensate for the er- 
ror caused by the voltage drop across the sense resistor, 
the reference current, and correspondingly the refer- 55 
ence voltage, are diminished from time zero to 0.5 ms 
to effectuate sensing correction. In the present embod- 
iment, reference voltage is decreased to 23 mV, about 



46% of the full-scale reference voltage of 50 mV. Then, 
as the load current increases towards the current limit 
value, the voltage drop across the power device increas- 
es, less correction of the reference current is necessary 
and the reference voltage is increased to 41 mV. At 
about 0.50 ms, current sensing circuit 200 detects a cur- 
rent limit condition and limits the load current to 267 mA 
(curve portion 188a). Current sensing circuit regulates 
the gate voltage (curve 184) to limit the load current. At 
time 0.5 ms, the gate voltage is regulated from its max- 
imum value of 8 volts down to the value of about 4.2 
volts in order to reduce the load current. This character- 
istic of current sensing circuit 200 is not observed in the 
conventional current sensing circuit as shown by curve 
174 of Figure 10b. When a short circuit load is applied 
to current sensing circuit 200, the reference voltage in- 
crease to the full scale of 50 mV because under this con- 
dition, no correction is necessary. The current is limited 
to 239 mA which is close to the intended 250 mA current 
limit. By varying the reference current and, in turns, the 
reference voltage, current sensing circuit 200 is able to 
detect the current limit condition accurately and obtain 
sensing accuracy not achievable by the conventional 
circuits. 

[0075] In accordance to the present invention, en- 
hancements to the current sensing circuits of the 
present invention described above are possible to fur- 
ther improve the accuracy of the current sensing per- 
formance. The enhancements are provided to correct 
for the fact that base currents are not zero, for the volt- 
age drop across the sense resistor due to the bias cur- 
rent of the transconductance amplifier, and for the volt- 
age error due to the input currents associated with the 
error amplifier. Figure 15 illustrates a current sensing 
circuit according to the present invention incorporating 
enhancements for cancellation of base currents. Al- 
though several enhancements for base current cancel- 
lation are included in current sensing circuit 300 of Fig- 
ure 15, one of ordinary skill in the art would appreciate 
that not all of the enhancements are needed at the same 
time and that the enhancements can be applied appro- 
priately to achieve the desired performance level. 
[0076] First, base current cancellation can be applied 
to the transconductance amplifiers of the current sens- 
ing circuit. Referring to Figure 8, for optimal perform- 
ance of transconductance amplifiers 83 and 84, all of 
current l Bias2 should pass through transistor Q1 of the 
transconductance amplifier. However, in operation, a 
part of current l Bjas2 is injected into the base terminal 
(node 119) of transistor Q2. Therefore, it is desirable to 
provide base current cancellation to the base terminal 
of transistor Q2 so that all of current l Bjas2 will flow 
through transistor Q1 . Such a base current cancellation 
circuit is illustrated in Figure 15. In Figure 15, transistors 
Q702 and Q402 are the equivalent of transistor Q2 in 
transconductance amplifiers 83 and 84 of Figure 8 and 
transistors Q301 and Q801 are the equivalent of tran- 
sistor Q1 in transconductance amplifiers 83 and 84. 
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With reference to transistor Q402, a transistor Q34 is 
added in series with transistor Q402. The base current 
of transistor Q34 is the collector current l C4 of transistor 
Q402 divided by the gain p of transistor Q34. The base 
current of transistor Q34 is mirrored by a current mirror 5 
made up of transistors Q35 and Q36. The output of the 
current mirror (l^/p) is coupled back to the base termi- 
nal of transistor Q402. In this manner, the base current 
of transistor Q402 is satisfied solely by the current from 
the current mirror (transistors Q35 and Q36) and all of 10 
current l Bias2 flow through transistor Q301. In the em- 
bodiment shown in Figure 15, the same base current 
correction circuit (transistors Q31, Q32 and Q33) is ap- 
plied to transistor Q702 of the transconductance ampli- 
fier for the sense device. 15 
[0077] The second enhancement involves correcting 
the base current error of transistor Q3 in the translinear 
circuit (Figure 9). As mentioned above, in translinear cir- 
cuit 137, current l P is pulled from the emitter terminal of 
transistor Q3. However, the collector current l C3 of tran- 20 
sistor Q3 is less than current l P since the collector cur- 
rent l C3 is given by l C3 = l E3 - l B3 , where l E3 and l B3 are 
the emitter current and the base current, respectively, 
of transistor Q3. In order to establish a V BE voltage at 
transistor Q3 which corresponds to the approximator 25 
current l P , the collector current of transistor Q3 needs 
to be as close to approximator current l P as possible. 
Thus, correction to cancel out the base current l B3 of 
transistor Q3 is needed. Such a correction is provided 
in Figure 1 5 by transistors Q25 to Q30. 30 
[0078] Referring to Figure 15, transistor Q1203 is the 
equivalent of transistor Q3 in Figure 9 and approximator 
current l P (denoted 13 in Figure 15) is coupled to the 
emitter current of transistor Q1203. Transistor Q25 is 
coupled in series with transistor Q 1203 to pass a current 35 
equaling the collector current l C3 of transistor Q1203. 
The base current l C25 of transistor Q25 is thus l C3 /p. The 
base current l C25 is mirrored by a first current mirror 
comprising transistors Q26 and Q27 and then mirrored 
again by a second current mirror comprising transistors 40 
Q28, Q29 and Q30. The output current l C3 /p of the sec- 
ond current mirror on lead 31 0 is added to approximator 
current l p coupled to the emitter terminal of transistor 
Q1203. Thus, a current 13 equaling to the sum of ap- 
proximator current l p and the correction current l C3 /p is <5 
pulled from the emitter terminal of transistor Q1203. By 
adding the base current l C3 /p of transistor Q1 203 to the 
emitter current of the transistor, the collector current of 
transistor Q1 203 is made equal to the approximator cur- 
rent l p and the translinear circuit is operated with greater so 
accuracy. 

[0079] The third enhancement involves correcting the 
base current error of transistor Q2 in translinear circuit 
137 (Figure 9). In translinear circuit 137, fixed reference 
current l Ref0 is coupled to the collector and base termi- 55 
nals (node 1 50) of transistor Q2. To establish the proper 
V BE voltage at transistor Q2, it is desired that all of fixed 
reference l Ref0 is passed through the collector terminal 



of the transistor. However, a portion of fixed reference 
Wo ' s passed to the base terminal of transistor Q2 in- 
stead. In Figure 1 5, a transistor Q24 is added to the base 
terminal of transistor Q1102 (which is the equivalent of 
transistor Q2 translinear circuit 137 of Figure 9). The 
base terminal of transistor Q24 is coupled to fixed ref- 
erence current l Ref0 (denoted iRef in Figure 1 5). By us- 
ing transistor Q24 to bias the base terminal of transistor 
Q1102 as opposed to a simple short-circuit, the base 
current drawn by transistor Q1102 is reduced by 1/p. 
Thus, transistor Q24 corrects for base current error at 
transistor Q1102 such that substantially all of fixed ref- 
erence current l Ref0 goes through transistor Q1102. 
[0080] A fourth enhancement to the current sensing 
circuit of the present invention is made to correct for the 
error caused by the error amplifier of the control circuitry. 
Referring to Figure 6, voltage V Sense at node 76 and volt- 
age V Ref at node 78 are coupled to error amplifier 80. 
Because error amplifier 80 draws currents at its input 
terminals, the voltage V Sense and V Ref can be altered 
due to the current at the error amplifier. Referring to Fig- 
ure 15, because reference resistor R Ref is 5 kQ. while 
sense resistor R Sen se is on,v 100 tne current drawn 
by error amplifier 312 (denoted SenseErrAmp) causes 
voltage V Ref to be reduced, in excess of the reduction 
at sense device M Sense . To compensate for the voltage 
error at voltage V Ref , a resistor R21 is added between 
voltage V Sense and the input terminal to error amplifier 
312. Resistor R21 has the same resistance as reference 
resistor R Ref . Thus, the same voltage drop caused by 
the current at the input terminals of error amplifier 312 
appears at the reference voltage V Ref node and the 
sensed voltage V Sense node. 

[0081] As mentioned above, the correction used by 
the current sensing circuit of the present invention as- 
sumes that the drain current vs. drain-to-source voltage 
characteristics in the linear region of a MOS transistor 
can be closely approximated as a linear l-V relationship. 
However, as is well known in the art, the current-voltage 
(l-V) characteristics in the linear region is not strictly lin- 
ear and in fact, the slope of the curve decreases and the 
current values flatten out as the drain-to-source voltag- 
es approach saturation. Current sensing circuit 300 of 
Figure 15 includes an enhancement to account for the 
non-linearity in the l-V characteristics. The discrepancy 
due to the curvature in the drain current vs. drain-to- 
source voltage characteristics in the linear region is ap- 
proximately given by the ratio of the average V DS be- 
tween the power and sense MOS transistors divided by 
the saturation voltage V DSat , which is equal to V GS - 
v Threshoid- ,n tne present embodiment, the correction 
value is about 90 percent. In Figure 15, the correction 
is applied to transistor Q1 5 which, together with transis- 
tor Q14, functions as a current mirror and acts to sink 
approximator current l p (denoted as l 3 in Figure 1 5) from 
transistor Q1 203 of the translinear circuit. The area ratio 
of transistor Q15 to transistor Q14 is adjusted to be 
0.91 5 to 1 . By making the area of transistor Q1 5 smaller, 
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the current mirror ratio is accordingly decreased to 
0.915. Thus, in the computation of equation (3) by the 
translinear circuit, the varying reference current l Ref is 
divided by 0.91 5*I P as opposed to l p in equation (3). In 
the manner, the varying reference current l Ref is correct- 5 
ed for the non-linearity of the drain current vs. drain-to- 
source voltage characteristics. 

[0082] Current sensing circuit 300 of Figure 15 
achieves enhanced performance as compared to cur- 
rent sensing circuit 200 of Figure 14. Figures 12a-c are 10 
graphs of the current and voltage characteristics of cur- 
rent sensing circuit 300 in response to a linearly ramped 
load current and to a short-circuited load. In Figures 
12a-c, current sense circuit 300 is operated under the 
same conditions as current sensing circuit 200 of Fig- 15 
ures 11a-c. Referring to Figure 12a, the load current of 
current sensing circuit 300 is increased linearly until the 
current reaches the current limit at about 460us. The 
current limit under the ramped current condition is 243 
mA (curve portion 198a). At time 750us when the load 20 
is short circuited, the current limit is 234 mA (curve por- 
tion 198b). Thus, the discrepancy between the two cur- 
rent limits is only 3.8%, representing a marked improve- 
ment over current sensing circuit 200. Curves 194 and 
1 96 of Figure 1 2b illustrate the gate voltage and the out- 25 
put voltage of current sensing circuit 300. When current 
limit condition is detected, the gate voltage (curve 194) 
decreases to regulate the current through the power de- 
vice. Curves 190 and 192 of Figure 12c illustrate the ref- 
erence voltage and the sensed voltage of sensing circuit 30 
300. In this case, the absolute voltage at the reference 
voltage node and the sensed voltage node is plotted, 
rather than the voltage across the reference resistor and 
the sense resistor as in Figure 11c. In Figure 12c, the 
reference voltage is diminished to about 30 mV (3.3V 35 
minus 3.27 V) while the load current is being ramped up 
and the reference voltage increases to 40 mV when the 
current limit condition is reached. As shown in Figures 
12a-c, current sensing circuit 300, with the enhance- 
ments described above, is able to achieve even better *o 
performance in current sensing accuracy than current 
sensing circuit 200. 

[0083] The above detailed descriptions are provided 
to illustrate specific embodiments of the present inven- 
tion and are not intended to be limiting. Numerous mod- 45 
ifications and variations within the scope of the present 
invention are possible. For example, one of ordinary skill 
in the art would appreciate that the power device and 
the sense device can be implemented as p-channel 
transistors and such a person of ordinary skill would so 
know how to modify the terminal conditions when p- 
channel transistors are used. Furthermore, the sense 
resistor and the reference resistor can be fabricated in 
numerous ways as long as matching resistors are pro- 
duced. The present invention is defined by the append- 55 
ed claims. 



Claims 

1. A circuit for sensing a first current flowing through 
a load and a power-controlling pass device, con- 
nected in series between a first supply voltage and 
a second supply voltage, comprising: 

a sense device coupled between a first node 
and said second supply voltage and having a 
smaller dimension than said pass device; 
a sense resistor coupled between said first 
node and a second node between said load and 
said pass device, said sense resistor and said 
sense device carrying a second current propor- 
tional to said first current and generating a 
sensed potential across said sense resistor; 
and 

a variable reference current source for provid- 
ing a varying reference current to generate a 
reference potential to compare with said 
sensed potential; 

wherein said varying reference current is var- 
ied according to a ratio of the voltage across said 
sense device to the voltage across said pass de- 
vice. 

2. The circuit of claim 1 , wherein said variable refer- 
ence current source comprises: 

a first current source for providing a fixed refer- 
ence current; and 

a computation block for generating said varying 
reference current as a function of said fixed ref- 
erence current scaled by said ratio of the volt- 
age across said sense device to the voltage 
across said pass device. 

3. A circuit for sensing a first current flowing through 
a power-controlling pass device and a load, con- 
nected in series between a first supply voltage and 
a second supply voltage, comprising: 

a sense device coupled between a first node 
and a second node between said pass device 
and said load and having a smaller dimension 
than said pass device; 

a sense resistor coupled between said first 
node and said first supply voltage, said sense 
resistor and said sense device carrying a sec- 
ond current proportional to said first current and 
generating a sensed potential across said 
sense resistor; and 

a variable reference current source for provid- 
ing a varying reference current to generate a 
reference potential to compare with said 
sensed potential; 
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wherein said varying reference current is var- 
ied according to a ratio of the voltage across said 
sense device to the voltage across said pass de- 
vice. 

5 

4. The circuit of claim 3, wherein said variable refer- 
ence current source comprises: 

a first current source for providing a fixed refer- 
ence current; and 10 
a computation block for generating said varying 
reference current as a function of said fixed ref- 
erence current scaled by said ratio of the volt- 
age across said sense device to the voltage 
across said pass device.. 15 

5. A current sensing circuit, comprising: 

a load electrically coupled between a first sup- 
ply voltage and a first node; 20 
a power-controlling pass device coupled be- 
tween said first node and a second supply volt- 
age, said pass device controlling a first current 
flowing through said load and said pass device; 
a sense device coupled between a second 25 
node and said second supply voltage and hav- 
ing a smaller dimension than said pass device; 
a sense resistor coupled between said first 
node and said second node, said sense resistor 
and said sense device carrying a second cur- 30 
rent proportional to said first current and gen- 
erating a sensed potential across said sense 
resistor; and 

a variable reference current source for provid- 
ing a varying reference current to generate a 35 
reference potential to compare with said 
sensed potential; 

wherein said varying reference current is var- 
ied according to a ratio of the voltage across said 40 
sense device to the voltage across said pass de- 
vice. 

6. The circuit of claim 5, further comprising: 

45 

a reference resistor coupled between said first 
node and said variable reference current 
source, said varying reference current generat- 
ing said reference potential across said refer- 
ence resistor; and 50 
an error amplifier for comparing said sensed 
potential and said reference potential and gen- 
erating a control signal for controlling said pass 
device and said sense device. 

55 

7. The circuit of claim 5, wherein said variable refer- 
ence current source comprises: 



a first current source for providing a fixed refer- 
ence current; and 

a computation block for generating said varying 
reference current as a function of said fixed ref- 
erence current scaled by said ratio of the volt- 
age across said sense device to the voltage 
across said pass device. 

8. The circuit of claim 5, wherein said pass device and 
said sense device are MOS transistors and said 
varying reference current is varied according to a 
ratio of the drain-to-source voltage of said sense de- 
vice to the drain-to-source voltage of said pass de- 
vice. 

9. The circuit of claim 5, wherein said variable refer- 
ence current source comprises: 

a first transconductance amplifier having a first 
input terminal and a second input terminal cou- 
pled across said sense device, and providing a 
first output current indicative of the voltage 
across said sense device; and 
a second transconductance amplifier having a 
first input terminal and a second input terminal 
coupled across said pass device, and providing 
a second output current indicative of the volt- 
age across said pass device. 

10. The circuit of claim 9, wherein said variable refer- 
ence current source further comprises: 

a translinear circuit having a first input termi- 
nal coupled to receive said first output current of 
said first transconductance amplifier, a second in- 
put terminal coupled to receive said second output 
current of said second transconductance amplifier, 
a third input terminal for receiving a fixed reference 
current, and an output terminal providing said var- 
ying reference current; 

wherein said varying reference current equals 
to said fixed reference current scaled by a ratio of 
said first output current to said second output cur- 
rent. 

11. A current sensing circuit, comprising: 

a power-controlling pass device coupled be- 
tween a first supply voltage and a first node; 
a load electrically coupled between said first 
node and a second supply voltage, said pass 
device controlling a first current flowing through 
said load and said pass device; 
a sense device coupled between a second 
node and said first node and having a smaller 
dimension than said pass device; 
a sense resistor coupled between said first sup- 
ply voltage and said second node, said sense 
resistor and said sense device carrying a sec- 
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ond current proportional to said first current and 
generating a sensed potential across said 
sense resistor; and 

a variable reference current source for provid- 
ing a varying reference current to generate a 
reference potential to compare with said 
sensed potential; 

wherein said varying reference current is var- 
ied according to a ratio of the voltage across said 
sense device to the voltage across said pass de- 
vice. 

12. The circuit of claim 11 , further comprising: 

a reference resistor coupled between said first 
supply voltage and said variable reference cur- 
rent source, said varying reference current gen- 
erating said reference potential across said ref- 
erence resistor; and 

an error amplifier for comparing said sensed 
potential and said reference potential and gen- 
erating a control signal for controlling said pass 
device and said sense device. 

13. The circuit of claim 11 , wherein said variable refer- 
ence current source comprises: 

a first current source for providing a fixed refer- 
ence current; and 

a computation block for generating said varying 
reference current as a function of said fixed ref- 
erence current scaled by said ratio of the volt- 
age across said sense device to the voltage 
across said pass device. 

14. The circuit of claim 11, wherein said pass device 
and said sense device are MOS transistors and said 
varying reference current is varied according to a 
ratio of the drain-to-source voltage of said sense de- 
vice to the drain-to-source voltage of said pass de- 
vice. 

15. The circuit of claim 11, wherein said variable refer- 
ence current source comprises: 

a first transconductance amplifier having a first 
input terminal and a second input terminal cou- 
pled across said sense device, and providing a 
first output current indicative of the voltage 
across said sense device; and 
a second transconductance amplifier having a 
first input terminal and a second input terminal 
coupled across said pass device, and providing 
a second output current indicative of the volt- 
age across said pass device. 

16. The circuit of claim 15, wherein said pass device 



and said sense device are MOS transistors and said 
first output current is indicative of a drain-to-source 
voltage of said sense device and said second out- 
put current is indicative of a drain-to-source voltage 
5 of said pass device; and wherein said varying ref- 
erence current is varied according to a ratio of said 
first output current to said second output current. 

17. The circuit of claim 15, wherein each Of said first 
*o and second transconductance amplifiers compris- 
es: 

a first transistor having a first current handling 
terminal coupled to a first bias current terminal, 

*5 a second current handling terminal coupled to 

said first input terminal, and a control terminal 
coupled to a second bias current terminal; 
a second transistor having a first current han- 
dling terminal coupled to said second supply 

20 voltage, a second current handling terminal 

coupled to said second bias current terminal, 
and a control terminal coupled to said first bias 
current terminal; 

a third transistor having first current handling 
25 terminal coupled to said first bias current termi- 

nal, a second current handling terminal coupled 
to said second input terminal, and a control ter- 
minal; 

a fourth transistor having a first current han- 
30 dling terminal coupled to a bias voltage termi- 

nal, a second current handling terminal coupled 
to said control terminal of said third transistor, 
and a control terminal coupled to said first bias 
current terminal; and 
35 a resistor coupled between said control termi- 

nal of said first transistor and said control ter- 
minal of said third transistor. 

18. The circuit of claim 17, wherein a voltage across 
40 said resistor is indicative of said voltage between 

said first input terminal and said second input ter- 
minal. 

19. The circuit of claim 17, wherein said first, second, 
45 third, and fourth transistors are PNP bipolar transis- 
tors. 

20. The circuit of claim 19, wherein a collector current 
at said first current handling terminal of said fourth 

50 transistor has a value indicative of said voltage be- 
tween said first input terminal and said second input 
terminal. 

21. The circuit of claim 19, wherein each of said first 
55 and second transconductance amplifiers further 

comprises: 

a fifth transistor having a first current handling 
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terminal coupled to said first current handling 
terminal of said second transistor, a second 
current handling terminal coupled to said sec- 
ond supply voltage, and a control terminal; and 
a current mirror coupled to said control terminal 5 
of said fifth transistor, said current mirror having 
an output terminal coupled to said control ter- 
minal of said second transistor. 

22. The circuit of claim 17, wherein each of said first 10 
and second transconductance amplifiers further 
comprises: 

a second resistor coupled between said first 
input terminal and said second current handling ter- 
minal of said first transistor, said second resistor 15 
having the same resistance value as said sense re- 
sistor. 

23. The circuit of claim 15, wherein said variable refer- 
ence current source further comprises: 20 

a translinear circuit having a first input termi- 
nal coupled to receive said first output current of 
said first transconductance amplifier, a second in- 
put terminal coupled to receive said second output 
current of said second transconductance amplifier, 25 
a third input terminal for receiving a fixed reference 
current, and an output terminal providing said var- 
ying reference current; 

wherein said varying reference current equals 
to said fixed reference current scaled by a ratio of so 
said first output current to said second output cur- 
rent. 

24. The circuit of claim 23, wherein said translinear cir- 
cuit comprises: 35 



a fourth npn bipolar transistor having a collector 
terminal coupled to said output terminal for pro- 
viding said varying reference current, an emit- 
ter terminal coupled to said second supply volt- 
age, and a base terminal coupled said emitter 
terminal of said third npn bipolar transistor; 
a fifth npn bipolar transistor having a collector 
terminal coupled to said first supply voltage, an 
emitter terminal coupled to said base terminal 
of said first npn bipolar transistor, and a base 
terminal coupled to said collector terminal of 
said first npn bipolar transistor and to a first bias 
current terminal; and 

a sixth npn bipolar transistor having a collector 
terminal coupled to said base terminal of said 
first npn bipolar transistor, an emitter terminal 
coupled to said second supply voltage, and a 
base terminal coupled to a second bias current 
terminal. 

25. The circuit of claim 24, wherein said current mirror 
of said translinear circuit comprises: 

a first npn bipolar transistor having a collector 
terminal coupled to said first supply voltage, an 
emitter terminal, and a base terminal coupled 
to said second input terminal of said translinear 
circuit; 

a second npn bipolar transistor having a collec- 
tor terminal coupled to said base terminal of 
said first npn bipolar transistor, an emitter ter- 
minal coupled to said second supply voltage, 
and a base terminal coupled to said emitter ter- 
minal of said first npn bipolar transistor; 
a third npn bipolar transistor having a collector 
terminal providing an output current to said 
translinear circuit, an emitter terminal coupled 
to said second supply voltage, and a base ter- 
minal coupled to said base terminal of said sec- 
ond npn bipolar transistor; and 
a fourth npn bipolar transistor having a collector 
terminal coupled to said base terminal of said 
second npn bipolar transistor, an emitter termi- 
nal coupled to said second supply voltage, and 
a base terminal coupled to a third bias current 
terminal. 

26. The circuit of claim 25, wherein an emitter area of 
said third npn bipolar transistor is about 0.9 times 
an emitter area of said second npn bipolar transis- 
tor. 

27. The circuit of claim 24, wherein said translinear cir- 
cuit further comprises: 

a seventh npn bipolar transistor having a col- 
lector terminal coupled to said first supply voltage, 
an emitter terminal coupled to said base terminal of 
said second npn bipolar transistor, and a base ter- 



a first npn bipolar transistor having a collector 
terminal coupled to said first input terminal, an 
emitter terminal coupled to said second supply 
voltage, and a base terminal coupled to said *o 
third input terminal for receiving said fixed ref- 
erence current; 

a second npn bipolar transistor having a collec- 
tor terminal and a base terminal coupled to- 
gether to said third input terminal for receiving 45 
said fixed reference current, and an emitter ter- 
minal coupled to said base terminal of said first 
npn bipolar transistor; 

a third npn bipolar transistor having a collector 
terminal coupled to said first supply voltage, an 50 
emitter terminal coupled to a current mirror, 
said current mirror coupled to said second input 
terminal for drawing a current from said emitter 
terminal of said third npn bipolar transistor 
equaling to said second output current of said 55 
second transconductance amplifier, and a base 
terminal coupled to said collector terminal of 
said second npn bipolar transistor; 
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minal coupled to said collector terminal of said sec- 
ond npn bipolar transistor. 

28. The circuit of claim 24, wherein said translinear cir- 
cuit further comprises: 5 

a seventh npn bipolar transistor having a col- 
lector terminal coupled to said first supply volt- 
age, an emitter terminal coupled to said collec- 
tor terminal of said third npn bipolar transistor, 10 
and a base terminal; 

a second current mirror coupled to said base 
terminal of said seventh transistor and having 
a first output terminal; 

a third current mirror coupled to said first output 15 
terminal of said second current mirror and hav- 
ing a second output terminal coupled to said 
emitter terminal of said third transistor. 

29. The circuit of claim 12, further comprises: 20 

a second resistor coupled between said sec- 
ond node and an input terminal of said error ampli- 
fier, said second resistor having the same resist- 
ance value as said reference resistor. 



output current of said second transconduct- 
ance amplifier, a third input terminal for receiv- 
ing a fixed reference current, and an output ter- 
minal providing a varying reference current; 
a reference resistor coupled between said first 
supply voltage and said output terminal of said 
translinear circuit, said reference resistor gen- 
erating a reference potential proportional to 
said varying reference current; and 
an error amplifier for comparing said sense po- 
tential and said reference potential and provid- 
ing an output signal coupled to said control ter- 
minals of said pass device and said sense de- 
vice; 

wherein said varying reference current is var- 
ied according to a ratio of the voltage across said 
sense device to the voltage across said pass de- 
vice. 

31 . A method for sensing a first current through a pow- 
er-controlling pass device, comprising: 

coupling a sense device and a sense resistor 
across said pass device; 
generating a sensed potential across said 
sense resistor indicative of a sense current 
flowing through said sense resistor and said 
sense device, said sense current being propor- 
tional to said first current; 
generating a varying reference current; 
generating a reference potential indicative of 
said varying reference current; 
comparing said sensed potential and said ref- 
erence potential; and 

adjusting said varying reference current ac- 
cording to a ratio of the voltage across said 
sense device to the voltage across said pass 
device. 

32. The method of claim 31 , wherein said adjusting said 
varying reference current comprises: 

measuring a first voltage across said sense de- 
vice; 

measuring a second voltage across said pass 
device; 

providing a fixed reference current; and 
scaling said fixed reference current by a ratio 
of said first voltage to said second voltage. 

33. The method of claim 31 , wherein said adjusting said 
varying reference current comprises: 

measuring a first voltage across said sense de- 
vice; 

generating a first current indicative of said first 
voltage; 



30. A current sensing circuit comprising: 

a power-controlling pass device coupled be- 
tween a first supply voltage and a first node, 
and having a control terminal; 30 
a load electrically coupled between said first 
node and a second supply voltage, said pass 
device controlling a first current flowing through 
said load and said pass device; 
a sense device coupled between a second 35 
node and said first node and having a control 
terminal, said sense device having a smaller di- 
mension than said pass device; 
a sense resistor coupled between said first sup- 
ply voltage and said second node, said sense 40 
resistor and said sense device carrying a sec- 
ond current proportional to said first current and 
generating a sensed potential across said 
sense resistor; 

a first transconductance amplifier having a first 45 
input terminal and a second input terminal cou- 
pled across said sense device, and providing a 
first output current indicative of the voltage 
across said sense device; 

a second transconductance amplifier having a 50 
first input terminal and a second input terminal 
coupled across said pass device, and providing 
a second output current indicative of the volt- 
age across said pass device; 
a translinear circuit having a first input terminal 55 
coupled to receive said first output current of 
said first transconductance amplifier, a second 
input terminal coupled to receive said second 
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measuring a second voltage across said pass 
device; 

generating a second current indicative of said 
second voltage; 

providing a fixed reference current; and 5 
scaling said fixed reference current by a ratio 
of said first current to said second current. 

34. The method of claim 31 , further comprising: 

10 

generating a control signal indicative of a differ- 
ence between said sensed potential and said 
reference potential; and 
limiting said first current through said pass de- 
vice using said control signal. *5 
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Figure 4 
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